Low temperature specific heat of the hole-doped Bao.6Ko.4Fe 2 As 2 single crystals and 

electron-doped SmFeAsOo.gF .i samples 
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Low temperature specific heat (SH) was measured on the FeAs-based superconducting single crys- 
tals Bao.eKo.4Fe2As2 and high pressure synthesized polycrystalline samples SmFeAsOo.gFo.i. It is 
found that the sharp SH anomaly AC/T\t c in Bao.6Ko.4Fe2As2 reaches an unexpected high value of 
98 mj/mol K 2 , about one order of magnitude larger than that of SmFeAsOo.gFo.i (6 ~ 8 mj/mol K 2 ) 
samples, suggesting very high normal state quasiparticle density of states in FeAs-122 than in FeAs- 
1111. Furthermore, we found that the electronic SH coefficient y e (T) of Bao.6Ko.4Fe2As2 is weakly 
temperature dependent and increases almost linearly with the magnetic field in low temperature 
region, which may indicate that the hole-doped FeAs-122 system contains a dominant component 
with a full superconducting gap, although we cannot rule out the possibility of a small component 
with anisotropic or nodal gap. A detailed analysis reveals that the Je(T) of Bao.6Ko.4Fe2As2 cannot 
be fitted with a single gap of s-wave symmetry probably due to the multigap effect. These results 
indicate clear difference between the properties of the superconducting state of the holed-doped 
Bao.6Ko.4Fe2As2 and the F-doped LnFeAsO (Ln = rare earth elements) systems, which we believe 
is originated from the complex Fermi surface structures in different systems. 

PACS numbers: 74.20.Rp, 74.25.Bt, 65.40.Ba, 74.70.Dd 



I. INTRODUCTION 

The discovery of high temperature superconductivity 
in the FeAs-based system has stimulated enormous in- 
terests in the fields of condensed matter physics and 
material sciences^. The superconductivity has not only 
been discovered in the electron-doped samples, but also 
in the hole-doped ones^^. The central issues concern- 
ing the superconductivity mechanism are about the pair- 
ing symmetry and the magnitude of the superconduct- 
ing gap. The experimental results obtained so far are, 
however, highly controversial. The low temperature spe- 
cific heat (SH) measurements in the F-doped LaFeAsO 
samples revealed a nonlinear magnetic field dependence 
of the SH coefficient j e , which was attributed to the 
presence of a nodal gapi. This was later supported by 
many other measurements based on /iSRji&i, NMR£&i£, 
magnetic penetration^ and point contact Andreev spec- 
trum (PCAS)^. On the other hand, the PCAS on the 
F-doped SmFeAsO indicated a feature of s-wave gapi^, 
some measurement o 14 i 15 ' 16 i 17 also gave support to this 
conclusion. It is important to note that most of the 
conclusions drawn for a nodal gap were obtained on the 
electron-doped LnFeAsO samples (abbreviated as FeAs- 
1111, Ln stands for the rare earth elements) which are 
characterized by a low charge carrier density and thus 
low superfluid density^. For the FeAs-1111 phase, it 
is very difficult to grow crystals with large sizes, there- 
fore most of the measurements on the pairing symme- 
try so far were made on polycrystalline samples. This 
is much improved in the (Ba,Sr)i_ x K x Fe2As2 (denoted 
as FeAs-122) system since sizable single crystals can be 
achieved^. Preliminary data by angle resolved photo- 
emission spectroscopy (ARPES) on these crystals show 
two groups of superconducting gaps (Ai « 12 meV, A2 ~ 



6 meV) all with s-wave symmetr y 20 i 21 i 22 . It is known 
that the surface of this type of single crystals decay or 
reconstruct very quickly, this may give obstacles to get 
repeatable data when using the surface sensitive tools. 
Thus solid conclusions about the gap symmetry and mag- 
nitude from bulk measurements are highly desired. 

Specific heat (SH) is one of the powerful tools to mea- 
sure the bulk properties, especially about the quasiparti- 
cle density of states (DOS) at the Fermi level. By mea- 
suring the variation of the electronic SH versus temper- 
ature and magnetic field, one can essentially determine 
the feature of the gap symmetry. In this paper, for the 
first time, we report the detailed low temperature SH 
data on Bao.6Ko.4Fe2As2 single crystals with T c = 36.5 K 
(90%p„). We also present the SH data on a high pressure 
synthesized F-doped SmFeAsO sample for comparison. 
Our results reveal the existence of a dominant compo- 
nent with a full superconducting gap in Bao.6Ko.4Fe2As2, 
although we could not rule out the possibility that there 
might be small component of superfluid with the nodal 
gap. Therefore the FeAs-122 is very different from the 
case in the F-doped LnFeAsO where a nodal gap fea- 
ture was discovered. Meanwhile we show the evidence of 
an unexpected large SH anomaly in the FeAs-122 super- 
conductors, which is associated with the large DOS in 
the normal state. These two features indicate that there 
may be clear differences between the hole-doped FeAs- 
122 and the electron-doped FeAs-1111 phases. We argue 
that these differences are originated from the complex 
Fermi surface structures in different systems^ In the 
Bao.6Ko.4Fe2As2 samples, the outer shell of the FSs sur- 
rounding r point takes most of the weight and exhibits 
a full gap. While in the F-doped LnFeAsO, the FSs near 
the M points contribute more weight to the superfluid 
and they have radical momentum dependence and nodes 
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FIG. 1: (color online) (a) X-ray diffraction pattern measured 
for the single crystal of Bao.6Ko.4Fe2As2 with T c = 36.5 K. 
Only sharp peaks along (00?) orientation were observed with 
the full-width-at-half-maximum (FWHM) of about 0.10 °. 
(b) Temperature dependence of ac susceptibility for the same 
sample measured with H ac = 1 Oe and / = 333 Hz. One 
can see a rather sharp transition with the onset transition 
temperature of about 36 K. 



may be anticipated. 



II. SAMPLE PREPARATION AND 
CHARACTERIZATION 

The superconducting single crystals of 
Bai_ K K 2; Fe2As2 with T c of about 36.5 K were grown 
by using FeAs as the self-flusi^. The weighing and 
mixing procedures were performed in a glove box with a 
protective argon atmosphere. The mixed materials were 
placed in an alumina oxide crucible and sealed under 
vacuum in a quartz tube. The melting process was 
carried out at high temperatures of 1000 ^1150 °C, and 
then a slowly cooling process was followed. The sample 
we chose for the SH measurement has the dimension 
of 3.0 x 1.5 x 0.2 mm 3 . The potassium content was 
estimated to be about 40% from the EDX analysis^. 

The X-ray diffraction (XRD) of the single crystals was 
carried out by a Mac-Science MXP18A-HF equipment 
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FIG. 2: (color online) Temperature dependence of the resistiv- 
ity near superconducting transition for the Bao.eKo.4Fe2As2 
sample at magnetic fields ranging from to 9 T with H || c 
axis. The inset shows the resistive curve under zero field up 
to 400 K. 



with 9 — 29 scan. The ac susceptibility were measured 
based on an Oxford cryogenic system (Maglab-Exa-12). 
The resistivity and the specific heat were measured with 
a Quantum Design instrument physical property mea- 
surement system (PPMS) with the temperature down to 
1.8 K and the magnetic field up to 9 T. The temperature 
stabilization was better than 0.1% and the resolution of 
the voltmeter was better than 10 nV. We employed the 
thermal relaxation technique to perform the specific heat 
measurements. To improve the resolution, we used a lat- 
est developed SH measuring frame from Quantum De- 
sign, which has negligible field dependence of the sensor 
of the thermometer on the chip as well as the thermal 
conductance of the thermal linking wires. 

The crystal structure of sample Bao.6Ko.4Fe2As2 with 
T c = 36.5 K was examined by XRD measurement with in- 
cident X-ray along the c-axis direction. The XRD pattern 
is shown in Fig. 1(a). It is clear that only sharp peaks 
along (00Z) orientation can be observed, suggesting a 
high c-axis orientation. The full-width-at-half-maximum 
(FWHM) of the diffraction peaks were only about 0.10 °, 
indicating a rather fine crystalline quality in the present 
sample. The diamagnetic transition measured with ac 
susceptibility technique is shown in Fig. 1(b). A rather 
sharp transition at about 36 K (onset) can be seen, which 
provides an evidence for the homogeneity of the super- 
conducting properties of our sample. 

In Fig. 2, we show the temperature dependence 
of the in-plane electrical resistivity near T c at mag- 
netic field up to 9 T with H\\c axis for the sam- 
ple Bao.6Ko.4Fe2As2. The onset transition temperature 
(90%p„) is determined to be about 36.5 K under zero 
field. And a rather narrow transition width (AT C ^1 
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K) can be observed when the magnetic field is lower 
than 3 T, which also suggests the high quality of the 
present sample. By applying a magnetic field the mid- 
dle transition point (50%p„) shifts to lower tempera- 
tures slowly with a slope -dn H c2 (T)/dT\ Tc ss 4.1 T / 
K. Using the Werthamer-Helfand-Hohenberg relation 24 
PoH c2 {0) = ~Omdfi H c2 (T)/dT\ Tc T c , we get the upper 
critical field fi O H c2 {0) « 100 T (H\\c). The inset of Fig. 
2 shows temperature dependence of the resistivity in a 
wide temperature regime up to 400 K at zero field. One 
can see that the p — T curve exhibits a continued curva- 
ture in the normal state up to 400 K. 

The fluorine doped SmFeAsO superconducting sam- 
ples were prepared by a high pressure synthesis 
method. The details about the synthesis were reported 
previously^ As shown in Fig. 3, the ac susceptibility 
data (measured using an ac amplitude of 0.1 Oe) exhibits 
a sharp magnetic transition. The width defined between 
the 10% and 90% cuts of the transition is below 2 K, 
with the middle transition point at 51.5 K, indicating a 
very good quality of the superconducting phase. The in- 
set shows a scanning electron microscope picture of the 
sample. Compared with the samples synthesized at am- 
bient pressures, the samples studied here are much more 
compact. A rough estimate on the diamagnetic signal in- 
dicates that the superconducting volume is close to 100 
%. The relatively sharp superconducting transition and 
the large fraction of the superconducting volume validate 
the specific heat measurements and the data analysis in 
this paper. 



III. ANALYSIS TO THE SPECIFIC HEAT DATA 

OF Ba .6Ko.4Fe 2 As 2 

In the main panel of Fig. 4 we show the raw data of 
SH coefficient 7 = C/T vs T for Bao.6Ko.4Fe2As2 sample 
at T and 9 T. Multiple complicated contributions to 
the SH data emerged in the low-T region when a mag- 
netic field was applied, so we only show the data above 
4.3 K under magnetic fields, and the data at zero field 
was shown down to about 1.8 K. Clear and sharp super- 
conducting anomalies can be seen near T c from the raw 
data. The SH anomaly AC/T\t c at zero field was de- 
termined to be about 98 mJ/mol K 2 , indicated by the 
vertical short blue line in the inset of Fig. 4. This is re- 
markably different from the case in the FeAs-1111 phase, 
where only a very small SH anomaly (less than 8 mJ /mol 
K 2 ) was observed in the raw data^ i 26 ' 27 . In section V, we 
will display the SH data of a high-pressure synthesized 
sample SmFeAsOo.gFo.i, where the SH anomaly near T c 
reaches only 6~8 mJ/mol K 2 . Therefore the large value 
of AC/T\t c in Bao.6Ko.4Fe2As2 is an intrinsic property, 
it may be associated with the high quasiparticle DOS in 
the normal state, which will be further addressed later. A 
magnetic field of 9 T shifts the SH anomaly down for only 
1.5 K and suppresses the anomaly clearly. This is con- 
sistent very well with the resistive measurements which 
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FIG. 3: (color online) Temperature dependence of the ac 
susceptibility of the high pressure synthesized bulk sample 
SmFeAsOo.gFo.i measured with an ac field of 0.1 Oe and fre- 
quency of 333 Hz. A very sharp superconducting transition 
is obvious. A rough estimate on the magnetic signal indi- 
cates that the superconducting volume is close to 100 %. The 
inset shows a scanning electron microscope picture of the sam- 
ple. The grains with plate-like shape are highly compacted 
together. 

indicate that the upper critical field is very high in this 
system.~Below about 10 K, a clear flattening feature of 
C /T can be seen in Fig. 4, which may imply the weak 
excitation of quasiparticlcs. 

The raw data in the low temperature region at different 
fields are plotted as C/T vs T 2 in Fig. 5(a). A slight cur- 
vature was detected in the region from 4.3 K to 11 K on 
the plot of C/T vs. T 2 , which was attributed to the elec- 
tron contribution of the superconducting state and the 
quintic term of the phonon contribution. This brought 
in enormous difficulties when treating the data because 
it gave too many fitting parameters. Therefore we first 
analyze the data below 6 K at zero field, where the two 
terms mentioned above remain negligible. Consequently 
the zero field data below 6 K can be represented by the 
following equation: 

C{T,H = 0) =-,oT + f3T 3 + C Sch {T,H = 0), (1) 

where the three terms represent the contributions of the 
residual electronic SH, the phonon and the magnetic 
impurity (the so-called Schottky anomaly), respectively. 
The Schottky anomaly is generally induced by lifting the 
degeneracy of the states of the paramagnetic spins in the 
magnetic impuritie s 29 ' 30 and is given by 

C Sch (T,H)=n( 9 J^IL) 2 e ^ ff , (2) 
kBl (1 + e^^) 2 

where g is the Lande factor, /15 is the Bohr magneton, 
H e f f=^/ H 2 + Hq is the effective magnetic field which 
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FIG. 4: (color online) Raw data of SH coefficient 7 = C/T vs 
T for Bao.6Ko.4Fe2As2 sample are shown in the main frame. 
The dashed line shows the normal state SH obtained from 
fitting to Eq. (6). The inset shows an enlarged view of the 
data 7 = C/T near T c . The sharp SH anomaly AC/T\ Tc is 
indicated by the arrowed blue short line with a magnitude of 
about 98 mJ/mol K 2 . 
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evolves into H e ff = Hq 7 the crystal field at zero external 
field, and n is the concentration of paramagnetic centers. 
The obtained fitting parameters 70 ~ 7.7 mJ/mol K 2 
and (3 w 0.473 mJ/mol K 4 are very close to the values 
obtained by simply drawing a linear line below 6 K as 
shown by the dot-dashed line in Fig. 5(a). The values of 
70 and (3 are then fixed when fitting the zero field data up 
to 11 K, where all the terms must be taken into account: 

C(T,H = 0) = 7o T+[/3T 3 +?7T 5 ]+C es +C Sc/l (T,i/ = 0), 

where r\ is the quintic term coefficient of the phonon SH 
and C es = D x e -A(o)/fc B 7y r i.5 ig the supe rconducting 
electron contribution based on an s-wave scenario, with 
A(0) the superconducting gap at K. By fitting the data 
at zero field using Eq. (3), we obtained 77 0.00034 
mJ/mol K 6 and A(0) w 5.99 ± 0.03 meV. As for the 
data under finite fields, a magnetic field induced term 
"f(H) arises and the total SH can be written as 

C(T,H) = [ 1 v+ 1 {H)]T+[pT*+T 1 T 5 ]+C es +C S ch(T,H). 

(4) 

It is quite rational to fix 70, /?, and r\ as the values ob- 
tained from analyzing the data at zero field. And the su- 
perconducting gap under magnetic fields was restricted 
using the relational A(H) = A(0)yl — H/H C 2 assuming 
a field induced pair breaking effect. In this way the num- 
ber of the fitting parameters were reduced remarkably 
and creditable results can be obtained. 

We should however, note that in treating the data with 
above equations, we assumed a dominant contribution of 
superfluid with s-wave symmetry. This does not mean 



FIG. 5: (color online) Temperature and magnetic field de- 
pendence of specific heat in C/T vs T 2 plot in the low tem- 
perature range, (a) Raw data before removing the Schottky 
anomaly. The dashed lines represent the theoretical fit (see 
text) containing all terms in Eq. (4). (b) Replot of the data 
after the Schottky anomaly was subtracted. The dot-dashed 
line represents an extension of the zero field data to T = K 
giving a residual value 70 = 7.7 mJ/mol K 2 (see text). 



that we can rule out the possibility of some small com- 
ponents of superfluid with a nodal gap. This is because a 
component with nodes will contribute a power law term 
to the specific heat in the low temperature limit, which 
cannot be easily separated from the combination of the 
residual term 70T and the phonon term /3T 3 . However, 
from the field dependence of the specific heat, we con- 
firm that this possible small component with nodes takes 
only a very small part of the total condensate, since the 
specific heat coefficient increases almost linearly with the 
magnetic field, as predicted for an s-wave gap. 

Fig. 5(b) shows the data after removing the Schottky 
anomaly from the total SH. The obtained field induced 
term ~/(H) are shown in Fig. 6 (will be discussed later) 
and the fitting parameters related to the terms C es and 
Csch are shown in Table I. The obtained residual term 
70 ~ 7.7 mJ/mol K 2 accounts for about 11% of the total 
electron contribution (will be discussed later), indicat- 
ing a superconducting volume fraction of about 89% in 
our sample. Using the obtained value of (3 and the rela- 
tion 6 D = (127r 4 fc B A^Z/5/3) 1/3 , where N A = 6.02 xlO 23 
mol -1 is the Avogadro constant, Z = 5 is the number of 
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TABLE I: Fitting parameters (A is calculated through 
A(.ff) = A(0)y/l - H/H c2 , H Q is fixed with the value from 
the fitting to zero- field data). 

(l H{T) D(mJK 5 /mol) A(meV) n(mJ/molK) fjL H (T) g 
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LaFeAsOo.gFo.i-a system*. 



IV. A DOMINANT COMPONENT OF 
SUPERFLUID WITH S-WAVE SYMMETRY AND 
VERY HIGH DOS IN Bao.6Ko.4Fe 2 As 2 

The field-induced change of the electron SH coefficient 
7(i?) was obtained from fitting and plotted in Fig. 6. It 
can be seen clearly that 7 (if) increases almost linearly 
with the magnetic field in the temperature region up to 
11 K. A linear fit with the slope of about 0.633 mJ/mol 
K 2 T to the zero temperature data is revealed by the blue 
solid line in this figure. It is clear that the ^(H) — H curve 
roughly displays a linear behavior at all temperatures be- 
low 11 K. This linear behavior is actually anticipated by 
the theoretical prediction for superconductors with a full 
gap* 2 -, in which 7 (if) is mainly contributed by the local- 
ized quasiparticle DOS within vortex cores. So it seems 
that the superconductivity in the FeAs-122 phase is pri- 
marily dominated by a full-gap state around the hole-like 
Fermi surface at T point and the field-induced quasiparti- 
cle DOS are mainly contributed by the vortex cores. This 
is in sharp contrast with the results in cuprate o 33 i 34 ' 35 i 36 



and the LaFeAsO0.9F0.1_5 system- where a j(H) oc \/H 
relation was observed and attributed to the Doppler shift 
of the nodal quasiparticle spectrum. The curve plotted 
using the relation ^(H) = Ay/H is also presented in Fig. 
6. It is obvious that this curve fails to fit our data. We 
have also attempted to fit the data by mixing linear and 
square root behavior as revealed by the navy-blue solid 
line in Fig. 6. One can see that this curve can also 
roughly describe the behavior of our data. So there is 
the possibility for the presence of a d-wave gap at differ- 
ent positions of the Fermi surface. 

In order to further confirm this point, we analyzed the 
SH data in finite temperature region in the mixed state. 
It is known that the quasiparticle excitations in super- 
conductors with different gap symmetry can be obviously 
distinct. In s-wave superconductors, the inner-core states 
dominate the quasiparticle excitations, and consequently 



atoms in one unit cell, we get the Debye temperature 
Qd ~ 274 K. This value is close to that found in the 
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FIG. 6: (color online) Field dependence of the field-induced 
term j(H) at temperatures ranging from 4.5 K to 11.1 K, 
and that at T = K obtained from fitting (see text). The 
dashed lines for different temperatures are guides for the eyes. 
The blue solid, red dotted, and navy-blue solid line are the 
linear fit to the zero temperature data, the fit to the d-wave 
prediction 7(H) = A^/H, and the fit by mixing the above two 
components, respectively. 



a simple scaling law C core /T 3 w (7„/-f? c2 (o) ) x (T/V H) 
for the fully gapped superconductors is expected. While 
for a gap with line nodes, the excitation spectrum is dom- 
inated by the extended quasiparticles outside the vor- 
tex cores. And the so-called Simon-Lee scaling law 37 
C vol /{TVH) = f(T/y/H) should be obeyed. A sim- 
ple analysis similar to that has been done in our pre- 
vious work 3 ^ shows that for the superconductor with an 
s-wave symmetry, C ca i- S = [{C(H)-C Sc h(H))-(C(H = 
0) - C Sch (H = 0))]/T 3 « C core /T 3 , considering the 
fact that the phonon SH is independent on the magnetic 
field. In other words, the defined term C ca i- S should 
scale with T/yH with the prefactor 7n/^ C 2(o)- Simi- 
larly for the d-wave symmetry we have know n 36 i 3S that 
C ca i- d = {(C(H) - C Sc h{H)) - (C(H = 0) - C Sch (H = 
Q))]/Ty/H = C V oi/TVH - aT/VU, where a is the elec- 
tron SH coefficient at zero field for a d-wave superconduc- 
tor, should also scale with T/y/H. The scaling result of 
the field-induced term in the mixed state with the s-wave 
condition is presented in Fig. 7(a). One can see that all 
the data at different magnetic fields can be scaled roughly 
to one straight line, which reflects the theoretical curve 
C ca i- S = 0.633 x {T/Vh)- 2 . Naturally, this prefactor 
7 n /H c2 (o) = 0.633 mJ/(mol K 2 T) is consistent with the 
magnitude of the slope of the blue line in Fig. 6. Using 
the value of -ff C 2(o) ~ 100 T, we can estimate the normal 
state electron SH coefficient 7„ of about 63.3 mJ/mol K 2 , 
a rather large value compared with the F-doped LaFeAsO 
system- and SmFeAsO system which will be revealed in 
the next section. Fig. 7(b) shows the scaling by follow- 
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ing the d-wave scheme. It is clear that the s-wave scaling 
is much batter than that of the d-wave case. This again 
indicates that the superconducting state in this FeAs-112 
phase is dominated by an s-wave symmetry gap and the 
field-induced quasiparticle DOS are mainly contributed 
by the vortex cores. And the slight departure of the scal- 
ing in Fig. 7(a) may suggest that small amount of d-wave 
components exist in the superconducting state. 

Using the value of 7„ « 63.3 mJ/mol K 2 , we get 
the ratio AC e /j n T\T c ~ 1-55 being very close to the 
weak-coupling BCS value 1.43. Considering the electron 
re-normalization effect, the electron SH coefficient of a 
metal can be written as 
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In 



N(E F )k 2 B (l + \), 



(5) 



where N(Ep) is the DOS at the Fermi surface and A re- 
flects the coupling strength. The fact that the electron- 
phonon coupling strength is weak in present system in- 
dicates that the large value of j n is not due to the en- 
hanced effective mass but originates from the high normal 
state quasiparticle DOS. Comparing with the 7 ra obtained 
for the F-doped LaFeAsO system^ (about 5-6 mJ /mol-Fc 
K 2 ), the N(E F ) in hole-doped FeAs-122 phase may be 
5-10 times higher than that in the electron-doped FeAs- 
1111 phase. Although the band structure calculations 
gave a relatively larger j n in FeAs-12 2 39 i 40 i 41 i 42 ' 43 than 
in FeAS-1111, the predicted values are however hardly 
beyond 15 mJ/mol K 2 which is much below the experi- 
mental value found here 7„ ss 63.3 mJ/mol K 2 . An ap- 
propriate explanation to this large discrepancy is highly 
desired from the theoretical side. 

In the FeAs-122 superconductors, it is challenging to 
measure the normal state SH below T c due to the very 
high H C 2- In order to have a comprehensive understand- 
ing to the normal state SH, we have attempted to fit the 
normal state SH above T c using a polynomial function: 

C n = (7o+7n)T + /33T 3 + /3 5 r 5 + /3 7 r 7 + / 3 9 T 9 + /3 11 T 11 , 

where we took the values obtained already 70 = 7.7 
mJ/mol K 2 , 7„ = 63.3 mJ/mol K 2 , and fa = 0.473 
mJ/mol K 4 . Other fitting parameters, fi-j, /3g, and 
Pxx, were left free in the fitting process, yielding the val- 
ues of 3.72x 1CT 4 mJ/mol K 6 , -5.32x 1CT 7 mJ/mol K 8 , 
2.13x 1CT 10 mJ/molK 10 , and-2.90x 1CT 14 mJ/mol K 12 , 
respectively. It's worth to note that the value of (3$ is very 
close to the value of r\ obtained before. The fitting result 
of the normal state SH is displayed by the blue dashed 
line in the main frame of Fig. 4. The data after subtract- 
ing the normal state SH is presented in the main frame 
of Fig. 8. It was found that the entropy-conserving law 
was satisfied naturally confirming the validity of our fit- 
ting, as shown in the inset of Fig. 8. A clear flattening 
of 7 e — 7„ in the temperature region below 7 K is ob- 
served indicating a fully gapped superconducting state. 
Moreover, a hump is clearly seen in the middle tempera- 
ture region. We attempted to fit the data using the BCS 
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FIG. 7: (color online) (a) Scaling of the data according to 
the s-wave scenario (symbols) C ca ;_ s = [(C(H) — Csch(H)) — 
(C(H = 0) - C S ch(H = 0))]/T 3 vs. T/VH, the dashed line 
represents the theoretical expression, (b) Scaling of the data 
(symbols) based on d-wave prediction C ca i-d ~ [(C(H) — 
Csch(H)) - (C(H = 0) - C Sch (H = 0))]/TVH vs. T/Vh. 
No good scaling can be found for the d-wave case. 



formula: 



AN(E F ) 
k B T3 



(l + eC/^T)2 



(e 2 + A 2 (*,T)-|^W, 



(7) 



where C = y/s 2 + A 2 (T, 0) and A(T,0) = A (T) for the 
s-wave symmetry. The red dashed line in the main frame 
presented the fitting result. One can see that the fitting 
curve with a gap value of about 6 meV matched our data 
below 13 K perfectly, but failed to describe the hump fea- 
ture in the middle temperature region. This hump may 
be attributed to the multi-gap effect which seems to ap- 
pear in the Fe As-based superconductors, and small com- 
ponents with d-wave gap may appear in some positions of 
the Fermi surface. But at this moment we cannot exclude 
the possibility that the hump is induced by the limited 
uncertainty in getting the normal state phonon contribu- 
tion. Nevertheless, the fine fitting in wide temperature 
region strongly suggests that the dominant part of the su- 
perconducting condensate is induced by a full gap with 
the magnitude of about 6 meV. Our results here seem to 
be consistent with the ARPES data, both in symmetry 
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FIG. 8: (color online) Temperature dependence of the elec- 
tronic SH contribution (with the normal state part sub- 
tracted) is shown in the main frame. A sharp SH anomaly 
can be seen here. A hump is clearly seen in the middle tem- 
perature region. The red dashed line is a theoretical curve 
based on the BCS expression with an s-wave gap of 6 meV. 
The inset shows the entropy of the superconducting state (red 
circle symbols) and the normal state (dark square symbols). 
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FIG. 9: (color online) Temperature dependence of SH for the 
electron-doped SmFeAsOo.gFo.i under T and 9 T is shown 
in the main frame. The arrowed blue line denotes the su- 
perconducting transition temperature. A clear peak can be 
observed at about 3.2 K under both fields. This peak was 
observed previously and attributed to the anti-ferromagnetic 
ordering of the Sm 3+ ions. The inset shows an enlarged view 
of the main frame near T c . 



and the small gap 2 ^^. But we have not found a large 
gap of 12 meV. This discrepancy may be induced by the 
different ways in determining the gap. Future works are 
certainly required to reconcile all these distinct results. 



FIG. 10: (color online) (a) Specific heat data of the sample 
SmFeAsOo.gFo.i under two different fields T and 9 T, plot- 
ted as C/T vs T close to T c . (b) (C(0 T)-C(9 T))/T vs T for 
the same sample. One can see a clear specific heat peak near 
the onset temperature of the ac susceptibility curve. 



V. SPECIFIC HEAT OF ELECTRON-DOPED 

SmFeAsOo.gFo.i 

We have also investigated the low temperature SH of 
the electron-doped SmFeAsOo.gFo.i polycrystalline sam- 
ple with high quality prepared using a high pressure 
(HP) synthesis method 25 . In the main frame of Fig. 
9, we show the temperature dependence of the SH in 
SmFeAsOo.gFo.i at T and 9 T. The clear peak in the 
low temperature regime (around 3.2 K) was attributed 
to the anti-ferromagnetic ordering of Sm 3+ ions in this 
system 2 -^. The SH anomaly near T c denoted by the ar- 
rowed blue line is quite unconspicuous, even in the en- 
larged view as shown in the inset of Fig. 9, indicating 
a rather low DOS or superfluid density in the present 
system. 

The SH data of SmFeAsOo.gFo.i near T c under two 
different magnetic fields T and 9 T are plotted as C/T 
vs T in Fig. 10(a). The SH anomaly can be observed 
and it has a width of about 3 K, which is quite nar- 
row comparing with the T c . This relatively narrow SH 
anomaly strongly suggests that the small magnitude of 
the SH anomaly is an intrinsic feature, not because the 
sample is a polycrystalline one. It is clear that the be- 
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havior in this figure is in sharp contrast with that of 
the hole-doped Ba .6K .4Fe 2 As2 where a sharp and huge 
peak has been detected, as shown in the inset of Fig. 4. 
In Fig. 10(b) we show the discrepancy of the data in 
the two curves of Fig. 10(a). A peak due to supercon- 
ducting phase transition shows up clearly. The behavior 
observed here is quite similar to that reported by other 
groups^ and the noise in our data is much lower. The 
SH anomaly AC/T\t c was estimated to be among 6~8 
mJ/mol K 2 , being remarkably smaller than that of the 
FeAs-122 phase. Considering the formula based on the 
weak-coupling BCS theory AC e / r ) n T\T c — \Ai 1 we may 
evaluate the normal state electron SH coefficient 7„ ~ 
4^6 mJ/mol K 2 . We have known from Eq. (5) that 
j n is proportional to the normal state quasiparticle DOS 
N(Ep). So the rather lower value of j n in the electron- 
doped SmFeAsOo.gFo.i, compared with that of the hole- 
doped Bao.6Ko.4Fe2As2, clearly illustrates that the nor- 
mal state quasiparticle DOS in the electron-doped 1111 
phase is remarkably lower than that in the holed-doped 
FeAs-122 system. 

This large difference may be understood with the com- 
plex FS structures in the two systems. So far the ARPES 
data are consistent each other about the shape of the FSs 
around T point. 20 ' 23 They also commonly point to a fact 
of s-wave gap on the FSs around T, given that the mea- 
surements about the gap symmetry were not influenced 
by the surface reconstruction. However there is a large 
difference between the results from different groups about 
the FSs around the M pointi 20 ' 21 ' 23 It was reported that 
the FS near M point has a "propeller" shape with four 
elliptic blades surrounding a small circle FS^ 3 . How to 
understand this complex FS structure is very challeng- 
ing. Concerning the pairing symmetry, one possibility 
is that there are nodes on these FSs near M point or 
at the positions of the connecting points of neighboring 
FSs. In the Bao.gKo.4Fe2As2 samples, the outer shell of 
the FSs surrounding T takes most of the weight and ex- 
hibits an full gap. While in the F-doped LnFeAsO, the 



FSs near the M points become dominant and contribute 
more weight to the superfluid. This may explain why 
one can observe the nodal feature in the electron doped 
F-doped LnFeAsO samples in specific heat and point con- 
tact tunneling measurements 4^ Further momentum re- 
solved experiments on LnFeAsO single crystals with good 
quality are highly desired to resolve this issue. 



VI. CONCLUDING REMARKS 

In summary, the bulk evidence for the dominance of 
a full-gap superconducting state with the gap ampli- 
tude of about 6 meV was obtained in the hole-doped 
Bao.6Ko.4Fe 2 As 2 through low temperature SH measure- 
ments. An unexpected high SH anomaly AC/T^ and 
large value of 7„ were found, suggesting a very high nor- 
mal state quasiparticle DOS. These two features make 
the present system very different from the FeAs-1111 
phase. We also measured the SH of the high pressure 
synthesized electron-doped SmFeAsOo.gFo.i. It is found 
that AC/T\t c and 7„ are only about a tenth of that of 
Bao.6Ko.4Fe 2 As 2 . We argue that this difference may be 
originated from the complex Fermi surface structures in 
different systems. 
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